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ABSTRACT

This report describes the present status of an on-going study of the
properties of gold-doped silicon. Resistivity, Hall effect, and carrier
lifetime are being measured at room temperature in silicon wafers doped
with varying amounts of gold ard either phosphorus or boron. Reasons
are being sought for the apparent discrepancy between total and electri-
cally active gold, for the discrepancy between calculated and observed
resistivity in both n~tvpe and p-type specimens with very large gold con-
centration, and for the diversity in capture cross section data reported
in the literature. Although many questions still remain, progress has
been made in resolving these discrepancies. There is considerable evi-
dence that the low resistivity observed at large gold concentrations is
associated with the introduction of shallow acceptor states in concentra-
cions strongly dependent on the gold concentration. The origin of these
states is being sought. Initial studies of the application of the sur-
face photovoltage method to the measurement of carrier lifetime in gold-
doped silicon have been completed. This method also appears to be suit-
able for use on gallium arsenide specimens. A bibliography of the lit-
erature on properties of gold~doped silicon that contains 136 entries is
also included as an appendix.
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FOREWORD

The work repurted here 1s a part of the Joint Program on Methods of
Meagsurement for Semiconductor Materials, Process Control, and Devices.
This program is carried out at the National Bureau of Standards; it re-
ceives support from a number of other agencies of the Federal Government
in addition to the NBS, The program was undertaken in 1968 to focus NBS
efforts to enhance the performance, interchangeabllity, and reliability
of discrete semiconductor devices and integrated circuits through improve-
ments in methods of measurement for use in specifying materials and de~
. 7 vices and in control of device fabrication processes. These improvemeats
g are intended to lead to a set of measurement methods which have been care-
£ P fully evaluated for technical adequacy, which are acceptable to both users
. 4 ; and suppliers, which can provide a common basis for the purchase specifi-
% cations of government agencies, and which will lead to greater economy in
government procurement. In addition, such methods will provide a basis
for controlled improvements in essential device characteristics, such as
uniformity of response to radiation effects. During the period 10 May to
g 31 December 1971 the portion of the program concerned with gold-doped
SR silicon received partial support from the Air Force Cambridge Research
- 8 Laboratories (LQD) under project order Y-71-906. The contract monitor
2 was D. E. Davies.

e e VA

Technical personnel who contributed to this effort during the period

- f covered were:
2 3 W. M. Bullis, supervisory physicist, principal investigator
T M. Cosmar, mechanical engineering technician, specimen prepara-

< 3 tion
A T. E. Gills, research chemist, neutron act’vation analysis

J. Krawczyk, physical science technician, ¢ (ffusion

T. F. Leedy, physicist, diffusion

W. E, Phillips, physicist, surface-photovoltage measurements
A. W. Stallings, mechanical engineering technician, electrical

measurements
W. R. Thurber, physicist, electrical measurements

Preliminary reports of the work have been reported in joint program
quarterly progress reports that have been issued in the NBS Technical
Note series. NBS Technical Notes 702 and 717 cover periods during whi:h
support was received under the above noted project order. Earlier work
is reported in NBS Technical Notes 488, 495, 520, 527, 560, 571, 592 and

598.
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RESISTIVITY AND CARRIER LIFETIME
IN GOLD-DOPED SILICON

W. Robert Thurber and W. Murray Bullis

INTRODUCTION

Gold is an amphoteric recombination center in silicon. Its addition
to either n-type or p-type silicon will affect the carrier lifetime. No
other impurity addition has been found that is as effective for control-
ling carrier lifetime in silicon; hence, gold is widely used in device
fabrication.

The basic electrical model for the impurity states associated with
gold was clearly enunciated in early work on gold-doped silicon [1], and
the diffusion technology for introducing gold into the silicon lattice,
though largely empirical, is under sufficieut control that device manu-
facturers can successfully employ it on a large-scale. Nevertheless, un-
resolved problems remain in both areas. In particular, clarification of
the details of the electrical model is necessary before concentrations of
gold centers can be determined unambiguously from measurements of resis-
tivity or carrier lifetime as might be desired, for example, in before-
and-after studies of radiation effects in gold-doped siliconm.

In the work reported here, reasons are being sought for the apparent
discrepancv ".etween total and electrically active gold, for the discrep-
ancy between calculated and observed resistivity in both n-type and p-
,vype specimens with very large gold concentration, and for the diversity
in the capture cross section data reported in the literature. To invest-
igate these problems, a series of silicon waiers to which various amounts
of gold and phosphorus or boron have been added is being characterized by
measuring resistivity, Hall coefficient, and carrier lifetime at room
temperature. Gold concentrations are determined directly by neutron acti-
vation analysis after gold has been diffused into the wafer; shallow do-
pant (phosphorus or boron) concentrations are determined by measurement
of wafer resistivity before gold diffusion. In addition, ancillary exper-
iments and computations to develop the diffusion technology necessary to
prepare the specimens and to elucidate certain aspects of proposed models
are being carried out.

The period covered by this report is 10 May to 31 December 1571.
During this period, considerable emphasis has been placed on the estab-
lishuent of facilities and procedures for measuring the short carrier
lifetimes associated with gold-doped silicon. In the continuing study of
resistivity and Hall effect, principal effort has been devoted to the
study of heavily gold-doped p-type e¢ilicon. For completeness, some work
completed before the beginniag of this period i{s also included. A bibli-
ography of the literature on properties of gold-doped silicon is appended
to the report.
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SPECIMEN PREPARATION

Both n-type and p-type crystals are being studied. About ten resis-
tivity values of each type cover the range 0.0l to 2500 Q+cm as listed in
table 1. Wafers are cut from single crystals of silicon with a diamond
saw and lapped to a final thickness of about 1,1 mm with 12-ym alumina.
The resistivity of representative wafers is measured by the four-probe
[2] or van der Pauw [3] method. To test for radial homegeneity of the
shallow doping impurities, the resistivity profile is measured by the
four-probe method on one or more wafers from each crystal, After comple-
tion of the initial resistivity measurements both sides of each wafer are
chem-mechanically polished.*

Immediately prior to insertion in the diffusion furnace, the wafers
are cleaned and plated with gold. The cleaning procedure consists of
the following steps: wultrasonic agitation in detergent for one minute,
rinses in distilled water and methanol, ultrasonic agitation in trichlo-
roethylene for one minute, rinse in methanol, ultrasonic agitation in
methanol, soaking in chromic acid for at least one minute, rinses in dis-
tilled water and methanocl, three rinses in nitric acid of one minute each,
rinses in distilled water and methanol, soaking in hydrofluoric acid for
one minute, and final rinses in distilled water and methanol. A 40-nm
thick layer of gold is then evaporated on both sides of the wafer and
the wafer is loaded into the quartz tube of the diffusion furnace.

Diffusion takes place in an open-tube system. Most of the diffusions
have been done in an atmosphere of high-purity oxygen, which flows through
the quartz diffusion tube at a rate of 4 x 10°® m3/s. Diffusions are made
at temperatures ot 850, 950, 1050, 1150, and 1250°C. The times at 1050°C
and above are long enough to reach the solid solubility limic of geld in
silicon. The diffusion time at B850°C is 12 to 14 days anl at 950°C it is
6 to 7 days. Even these loung times are not generally sufficient for the
gold concentration to reach its solid solubility; more variability in con-
centration for a given time has been found for diffusions at these temper-
atures than for diffusions at the higher temperatures. In all cases the
gold concentration in the center portion of the wafer is relatively flat
{4, 5] so 0.12 mn is removed from each face by lapping before the wafers
are analyzed further. In some cases difficulty has also been encountered
because of accumulation of gold at the rim of the wafer. Some of the
early activation analysis specimens included rim portions and anomalously
high gold concentrations were obtained. Subsequent experiments confirmed
that this was due to the large concentration of gold near the rims of the
wafers. This effect appears to be more significant for diffusions made
at temperatures below 1250°C.

Hall bars with four side arms and expanded ends are cut from the
lapped wafers for electrical measurements. Aluminum contact pads are

In the early parts of the study, this step was omftted in preparing
specimens for diffusion. No differences between the diffusions made on
lapped wafers and those made on polished wafers have ye: been observed.

2
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Table 1 — Silicon Crystals for Gold Diffusion

Initial Resistivity py
(Qecm)

20
20

75
93

380
300

1000
1080

2300
2000
2400

Type

> 3OS ~ X S I X o TN T X A 4

e las

Pulled or
Float Zoned

pulled
pulled

puiied

pulled

pulled
pulled

f-2z
f-2

f-z
f-z

£~z
pulled
f-2

Status

available
diffused

diffused

diffused
gee Table
gee Table
see Table

see Table
gee Table

sea Table
diffused
diffused
see Table

diffused
diffused
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Figure i. Gold concentration as determined by neutron activatioun analysis
28 a function of diffusion time for ll- and 20-l-em, boron-~deped, gold-
diffused, silicon wafers. The upper curves sre for wafers diffused at
2250°C, the lower for wafers diffused at 8%50°C. The diffusion armesphere
was aither oxygen (0) or argon (A). The ll-i+co wafers had low dislocs-
tion density (500 cn™?) and are indicated by LBD; the 20-i-cm wafers had
high dislocztion density (17,000 co™?) and are indicated by HDID. As dif-
fused, the wvafers were 1.1 m=n thick; before activation analysis, 0.12 ==
was lapped from each side and the rio vas reooved.
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evaporated on one gsurface of the side arms and ends. Hall effect and re-
sistivity measurements are made in a light-tight holder at room tempera-
ture (25 ¢+ 1°C). Pressure contact to the aluminum pads is wmade with flat
phogphor-bronze springs.

Pieces from the remainder of the lapped wafer are used to determine
the gold concentration by means of neutron activation analysis as describ-
ed in the next section. The wafer rim is cut away from the pieces befcre
they are analyzed.

During the initial phases of the work, several experiments were con-
ducted to study the efifects of atmosphere and dislocation density on the
gold diffusion process. Diffusions were carried out in 1ll- and 20-{i*cm,
boron-~doped silicon wafers at 850 and 1250°C in oxygen or argon for var-
ious times. The 1ll-G-cm wafers were cut from a pulled crystal with low
dislocation density and high oxygen concentration. The 20-Q-cm wafers
were cut from a float-zoned crystal with high dislocation density and low
oxygen concentration. The gold concentration in the flat region was de-
termined by neutroan activation analysis. The results, shown in figure 1,
suggest that gold diffuses slightly faster in amn oxygen atmosphere than
it does in an argon atmosphere. The effact of a variety of atmospheres
has been reported in the iiterature with conflicting claims as to which
is the most suitable one. It was also found that gold diffused faster in
the high-dislocation wafers (20 Q-cm) than {t did in the low-dislocation
wafers (11 {I-cm). This result is in agreement with that reported ia the
i.terature by others.

ACTIVATION ANALYSIS

The gold concentrations were determined by neutron activation analy-
sfs using one of the following procedures. In one procedure, the speci-
meng, along with geld comparator standards, were irradiated at a thermal
neutron flux of 2 » 10'? em™2-5~!. The spoecimens were allowed to sit for
two days to allow interfering clements to decay away, after which the
specimens and standards were counted using a sodium iodide well-type
scintillation detector coupled to a muiti-channel anaslyzer. The gald con-
centration caiculation was based on the 0.142-XeV gamma ray of 2.7-day
gold-198.

In the other procedure, the silicon specimens and standard were en-
capsulated in polyethylene vials and irradiated for 30 min 2% z neutron
flux of 1 to 6 + 10%} eaieg™t. Copper foils were attached to each spec-
imen and to the standare ta normalize for flux variation. The standard
consisted of a filizr paper approximately the shape and sige of the sili-
con specimens on which was pipetted a known solution of gold in agqus-
regia. After irradiation the specimens were aliowed to decay {or two or
three davs tc minicize short-lived faterferences and then counted using a

? em! lithium-drifted germaniuc gamna-ray detector in cenjunction with a
zmulti-channel analyzer. The results were calcuylated using the standard-
conparator methed. 3
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RESISTIVITY AND HALL EFFECT MEASUREMENTS

A summary of the specimens on which resistivity and Hall effect
measurements have been completed is given in table 2. The apparent dis-
crepancy between total and electrically active gold is mosgt dramatically
observed in n~-type specimens with initial resistivity lower than 5 Q-cm.
This effect has been well documepted in the literature [6]; it has not
vet been repeated in the present series. In p-type specimens, the in-
crease of resistivity with increasing gold concentration is less abrupt
than it 1s in n-type specimens. The results of resistivity measurements
on Hall bars cut from 11-, 20-, and 93-Qe<cm p-type wafers with varying
amounts of gold are shown in figure 2. For comparison, the resistivity
calculated from a model for the impurity state in gold-doped silicon is
also shown. The calculation is based on a solution to the charge balance
equation to find the Fermi level and, hence, the hole concentration. Lat-
tice mobility [7] and impurity mobility [8] were combined veciprocally to
obtain the hole mobility used in the calculation of the resistivity. 1In
these calculations the energies of the gold donor and acceptor states were
taken as 0.35 eV above the valence band and 0.54 eV below the conduction
band, respectively [1], the degeneracy factors were taken as 0.25 for the
donor and 1.5 for the acceptor [6], and the energy gap and effective mass~
es were taken from the work of Barber [9]. The above discrepancy can be
observed in these results as a displacement of the experimental curves
to the right of the theoretical curves by a factor of about 1.5.

There is an even greater discrepancy at the higher gold concentra-
tions. The measured resistivity reaches a maximum and then decreases as
the gold concentration increases while the theoretical curves slowly rise
to a2 common limiting value, Hall effect measurements showed that this
decrease in resistivity was due to an increase in hole density rather
than an increase in carrier mobility. Hall effect measurements made as
a function of temperature on several 20~-Q*cm wafers to which different
amounts of gold had been added showed that the effect could not be ex~-
plained by a dependence of the ionizatioun energy of the gold donor state
on the gold concentration. Efforts to fit the observation by changing
the degeneracy factor of the gold donor state in the model were also un-
successiul.,

The possibility that shallow acceptor impurities were being uninten-
tionally iutroduced during the diffusion was considered. Four 11-Q-cm
p-type wafers were diffused at 1250°C for times of 8, 16, 32, and 64 hours.
Since the gold reaches its solid solubility concentration in 8 hours, no
further changes in gold concentration or in resistivity should occur with
increasing diffusion times 1f gold is the only iwpurity affecting the
vlectrical properties. Activation analysis results and electrical measure-
ments on the set of four wafers showed that both the gold concentration
and the resictivity were essentially the same for all wafers. The result
of this experiment thevefore indicates that observable amounts of addi-
tioral shallow acceptor impurities are not beilng introduced during the
high temperature gold diffusions.
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Table 2 — Cold-Dvpad Siifion Specimvns

Speefucn 2y o Oxyren  BiM{, BIfL. DIfL, Gold ) Ry vy L 1
Kurshr (e P (cam2) Coan s Ata. Tetp.  Thrw Conc. (n't{n) TP (eadfC) (ewd/Ven) (o) (o)
(ataennfcn’) (°C)  (Woure)  (atows/um?)
1003250-13 i1 p 500 16161 cxpen 1250 0.75 1.010%¢  4,904102 p  1.79-30% 366
JerEtyneo 0.5 1.7=101%  g.e3a00 31105 358
101529460 1 2.9e10! 1m0 4404107 373
1W1750-120 2 433010 343e30% p 5.35e10% 30y
Argen 850 2 9.347012
8 1.2«30!3
10¢ar%0~33 33 4,1-10%2
2088 5G-128 124 324108 1280300 p o s.0ma0d 393
3 10R312°9-0.5 1250 0.5 3.5-10%¢  j0ta0? o 3.75<30% 371
3 10PA1250-4 4 $.2:201¢  8.46s20° p  3,0%-10° 334
3 3 100150258 Ouygen 850 288 Lgnrett pgsmie!l o s.30ea0} 392 9 23
! 10Pe50- 143 930 144 454085 14a0e’ g S.S110Y 339 2.3 1S
=z JOUHe50-72 1050 72 1.3.308% 528030 p 1.93400% 3¢S
3 { 115004 150 2% 5.2:301  1.smi0d p 5.79410° 309
1081250-2 1250 2 $.97108¢  1,25%10% p  4.d0ar0® 332
E: . 10812530-8 125 1004101 1.,03:20% p  3.56x10% 4o
; 10ps1250-8 1250 3 9.0-101¢  3.19:20% p  &.06x10% 342
L 3 10P83250-18 16 : 1.05.30% » 3.5ex10d 327
: 20PS1253-32 32 10.0-10%¢  1.22:30° g 4,10407  33s
: 10183 25:9-64 o4 12wl po 4.06x30° 337
3 2000550-9. 5 20 o 17,000 <2:10'¢  Oxygen 850 ¢S5 1.8-1013
T 20006502 2 2.7x1013
} 2010650-8 8 5.2-1013
, 2000550-32 32 1.3x10%%
i 20K01253-0.25 1256 0,25 3,108 2029x103 p 8770108 383
: 20101250-0.5 0.5 5.1:10%¢ - 1.86¢107 p  7.09q0% 281
20501205701 1 7.17201¢ 1.43-102 p o s.3uxp0% 372
200012501 2 9.9x20'8  9,26,10% p  3,26x10% 352
260A855-0.5 Argon 850 0.5 1.1x10!3
t 2214850 433 33 7.6<1013
20141250-0,25 1250 0.25 310108 1ux0? - 6.50710% 374
20PA}250-2 2 7.8:10'¢  1.15:30% p 4.55<10% 394
2685032 Oxyzen B850 32 1.2:10t  2,15<30! p 8.22-10% 382 28.5 232
2096292588 850 288 =101 2,95x0 p 5,09x20° 370 1408 63
20mu50 144 950 14k 2.910'%  2.69.302 r  1.00<10% 372
20T1050-72 1050 22 2.1=10!%  1,48-107 p  5.62x10° 350
2001150-24 1150 2 4ax0%  2.75x103 p 9.39x10% 342
90P650 - 268 93 p 15,000  <2x10'®  Oxypen 850 288 3.2x20%%  1,23x192 p  6,95x10% 402
9UrI59-144 950 144 2,7:1085 99102 p 3.4010% 366
801105072 1050 72 1.6<10!6  5.60<10% p  2,15<10% 384
90P)150-24 1150 2% 5.5x1018  1.83.30% p  6.99v20° 382
90r1250-8 1250 8 10,8x20'¢  i.0230% p  3.42x105 335
5:850-304 5.3 n [} 6x10!7  Oxygen 850 304 1.3100%  6.32x30° n -1.08410% 1700
3N950-144 950 144 3.3x101%  3,85410% n  -6.24x107 1640
581050~ 72 1050 72 1.3x10'¢  2,09x10% = -3,05010% 1460
3N1150-24 1150 2 5.1x1016  3,58«10% «  .5,20x107 1%
5N1250-8 1250 & 10.3=10%  2,43<10% p  B.61x10° 335
BONBS0-304 5 n 0 <3015 oxygen 850 304 3.6x101%  S.€2x10% » -1.04x10% 1850
80N950-144 950 244 2,2x10!%  1.95710% n  -1,60x10% 821
801050~72 1050 72 1,0-20%%  1.5210% p 4175307 2%
803115024 1150 24 4.8x20'6  5.25710% p  2.09x10¢ 390
801312508 1250 8 10,5.101¢  1.73«30% 5 6.004105 347
40UNRS0-304 380 n [ 2x10'7  oxypen 859 304 1.9x101%  1,75<10% n  -2,60+10% 1490
4003450144 950 144 2,6x10'%  1.95¢10% p  4,30«107 220
G00%1030~72 1050 2 1,3x1016 308105 p  3,70x107 342
40051150-24 1150 A 5,30l 611002 p o 2,29%108 371
A00N1250-8 1250 [ 9.8<10'¢  1.81x10% p  6.36x105 382
: 2200%950-144 2300 n 20,000  <2x10'®  oOxyger. 950 144 4,4x20'%  5.57«10% p  2,1%x107 386
i 270051050-72 1050 22 1.2x10%%  4,10s20% p  1.508107 366
i 220031150-24 1150 24 4,4x1016  815x107 p o 3.a9x10¢ 392
; 270081250-8 1250 |1 10,64101¢  1.60:10% p  5,59x10° 349
i
i
B pg o« Inftial Resistiviry of = Hinal Resistivity
i bD = bislaation B nsity Ry = il Cocfficient
| DICE, Aeo = Bl fuison Atsosphere by o Hall Mobilicy
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Figure 2. Resistivity as a function of gold concentration in p-type
gilicon with initial resistivity p,. Error bars are not indicated. The
standard deviation of the gold detérmination is estimated to be about 10
percent., Resistivity values are reproducible within about 5 parcent.
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Brilickner [10] has recently observed an impurity state that is located
0.033 eV above the valence band and has suggested that it is an electric-
ally active complex of gold with other defects. The concentration of
these acceptors increases rapidly as gold concentration increases. An
analys®s indicated that the introduction of an energy state between the
valence band edge and the gold donor state with a concentration that de-
pends on gold concentration will cause the observed decrease of resistiv-
ity as gold concentration increases. The curves in figure 3 were generat-
ed by assuming an acceptor concentration that varies as the third power
ol the gold concentration with an acceptor concentration of 4.5 x 10!3 cm™3
at a gold concentration of 1 x 1017 em™3. Ezxponential functions for the
acceptor concentration can also be used to fit the experimental data.

More knowledge about the origin of the acceptor center must be developed
to aid in determining its true dependence on gold concentration. The
agreement of the ~alculated curves to the data at low gold concentrations
is sensitivc to the degeneracy factor for the gold donor level, and tlie
valie of U.125 used in the calculations gives a good fit to all three re-
sistivity groups. Vales of 0.25 (used in the calculations of figure 2)
and 0.0625 give significant shifts of the computed curves to the left and
right, r.spectively, of the experimental data. The other parameters for
the curves of figure 3 are the same ones used for figure 2.

These experiments and analysis suggest that the discrepancy between
calculated and observed res*stivity in p-type silicon doped with large
amounts of gold is related to the presence of as yet unidentified shallow
acceptor complexes. A similar dis.repancy can be observed in n-type sili-
con dopea with large amounts of gold. Hall effect and resistivity meas-
urements were made at room temperature on Hall bars cut from 5.3-, 75-,
and 380-G+cm n-type wafers that had veer ditfused with gold at 850, 950,
1050, 1150, and 1250°C and from 2300-Q+cm n-type wafers diffused at 950,
1050, 1150, and 1250°C. 1In all cases except the 5.3-f+cm wafer diffused
at 850°C, the hole conceantration exceeds the shallow donor concentration.
As the gold councentration is increased, the resistivity is expectad to
reach a maximum and then decrease. Shortly before the marimum the speci-
mens become p-type. At large values f gold concentration the resistivity
should approach a constant value characteristic ecnly of the gold impurity.
The resistivity maximum ghould occur at ‘he intrinsic value where the pro-
duct of electron concentration and mobility is equal to the product of
hole concentration and .uobility, ard except for possible differences in
nobility be independent of the resistivity of the wafer before gold is
added.

The experimental results, shown ia figure 4, are generally consistent
with theoretical expectations although they do not agree in a number of
important details. The dashed lines associated with the data points sug-
gest the form the resistivity-concentration curves would have to take in
order to reaczh a common resistivity maximum near the value of about
3.5 x 10° Q+cm calculated for a tomperature of 25°C (intrinsic carrier
concentration of 1,10 x 169 cm‘3, electron mobility of 1300 cm?/V+s, and

9
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Figure 3. Calculated curves which fit the resistivity as a function of
gold concentration for p-type silicon with initial resistivity Py The
experimental points are the same as thuse in figure 2. The parameters
used to generate the curves are given in the text.
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%- Figure 4. Resistivity as a function of gold concentration in initially
¥ n-type silicon with starting resistivity p,. Resistivity of the speci-
- mens prior to gold doping is given. Open symbols represent specimens
‘? , which remained n-type after gold diffusion; solid symbols, specimens

; : which were converted to p-type by the addition of gold. The dashed curves
- A indicate the form of the relationship between resistivity and gold concen-

. % tration required by the existence of a common maximum as discussed in the
_ﬁﬁ % text. Error bars are not indicated. The standard deviation of the gold
E | determination is estimated to be about 10 percent. Resistivity values
E | are reproducible within about 10 percent.
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hole mobility of 500 cm?/Ves). The differences in shapes of these curves,
the poor fit of the data for the 380-Q+cm specimens, and the n-type nature
of the 5.3-R+cm specimen diffused at 1150°C (which appears at the maximum)
all are indicative of either experimental or interpretative uncertainties.
The resistivity at a gold concentration of 1017 em™3 is consistent with
the resistivity measured on p-type wafers. Evidently the same mechanism
is affecting the resistivity in both types of specimens, but this has not
yet been verified by detailed analysis of the data for n-type silicon.

There are a number of complicating factors in the analysis of the
electrical data. Experiments are now in progress to separate the influ-
ence of high-temperature heat treatment from the effects of gold-doping,
to examine the effects of interstitial gold on the electrical properties
of gold-doped silicon, and to study the effects of gold precipitation and
redistribution. These experiments have not yet reached the point where
conclusions may be drawn from their results.

CARRIER LIFETIME MEASUREMENTS

When the gold concentration is smaller than the concentration of the
shallow doping impurity in either n-type or p-type silicon, the presence
of the gold does not measurably affect the resistivity. However, elec-
trically active gold does affect the carrier lifetime.

Past studies of carrier lifetime in gold-decped silicon have generally
been made by means of the reverse recovery technique in diodes [11, 12].
Because of uncertainties encountered in relating carrier lifetime in sil-
icon diodes as measured by reverse recovery and open-circuit vnltage de-
cay and because of the desire to make measurements on gold-doped wafers
without the necessity of forming p-n junctions, the steady-state surface
photovoltage (SPV) method [13] was selected for use in the present work.

With this method measurements can be made directly on the Hall bars.
The minority carrier lifetime (1) is calculated from the measured diffus-
ion length (L) by use of the expression 1 = LZ/D, where D is the diffusion
constant of the minority carrier. A diagram of the experimental apparatus
is shown in figure 5. The specimen surface is illuminated with chopped
monochromatic radiation of energy slightly greater than the band-gap of
the semiconductor. Electron-hole pairs are produced and diffuse to the
surface where they are separated by the electric field of a depletion
region to produce a surface photovoltage. The SPV signal is capacitively
coupled into a lock-in amplifier for amplification and measurement. The
photon intensity is adjusted to produce the same signal at various wave-
lengths of illumination. The photon intensity required to produce this
constant SPV signal is plotted against the reciprocal absorption coeffi-
cient for each wavelength. Since the reflectivity of silicon varies
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WAVELLNG1 T € VOLTAGE  RECIPR ABS COEFFI INTENSITY
1,020 ym 8.40 uv 206,329 um S.854
1.010 6,85 164,864 4,725
1.000 5.90 134,306 4,028
990 5.20 111,159 3.51)
.980 4,38 93,225 3.041
870 4,10 79.06) 2.711
.950 3.3 56.450 2.168
930 2.90 44,494 1.835
900 2.40 30,297 1.467
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.800 1.85% 11.269 997
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Figure 6. Typical plot and printout of the SPV data. The quantity in

the column labeled INTENSITY is the product of WAVELENGTH, TC VOLTAGE,

and a factor which accounts for the rzaflectivity of the specimen surface.
To simplify the plotting, the intens®ty calculated for the longest wave-
length i{s assigned a value 5.000 and the other values are ascaled appropri-
ately.
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slightly with wavelength, the intensity determined by a thermocouple de-
tector is corrected to correspond to the illumination actually absorbed
by the specimen. A typical example of the plot that is obtained is shown
in figure 6. The linear portion of the plot is extrapolated o zerc in-
tensity; the magnitude of the (negative) intercept value is equal to the
effective diffusion length.

In order to plot the SPV data, it is necessary to know the absorption
coefficient as a function of wavelength. Many reports of the absorption
coefficient of silicon at room temperature in the wavelength range of in-
terest have appeared in the literature. Selected data obtained on high-
purity silicon under a variety cf experimental conditions are plotted
against wavelength In figure 7. The data of Runyan [14] were obtained on
stress-relieved silicon, and since the gold diffusion proceass relieves any
stresses in the material, it is thought that use of these data is appropri-
ate for the gold-doped specimens. SPV measurements are made for wavelength
values betw:en (.80 and 1.05 um. Since the Runyan data extends only to
1.0 um, an extrapolation was made resulting in values which are in between
those obtained by Braunstein, et al. {[15] and Fan, et al. [17] in the
range 1.0 to 1.05 um. Plots made using this data generally are linear in
the wavelength range from 0.85 to 1.02 um. Deviations from linearity at
longer wavelengths are expected unless the specimen thickness is greater
than four times the reciprocal absorption ccefficient at the wavelength
in question. On wafers of the starting material, which receive no heat
treatment, it was found that use of the Dash and Mewman [16] absorption
coefficient data, which were measured on silicon that was not stress-
relieved, gives a more linear plot than is obtained using the Runyan data.

With the SPV method, accurate and reproducible measurements of short
diffusion lengths are much more difficult than measurements of long dif-
fusion lengths. The standard deviation due to scatter in the data of an
SPV plot is typically 0.5 um, independent of diffusion length; the corre-
sponding uncertainty in the accuracy of the ditfusion length is 1 to 2 um.
Thus the percentage :rror can be very significant for a diffusion length
of 5 um, while it is negligibly small for a diffusion length of 100 um.
The most obvious sources of error include ncise and calibration uncertain-
ty of the thermocouple detector and lock-in amplifiers, drift of the SPV
signal with time, and incorrect values of the absorption coefficient and
reflectivity.

Most of the measurcments to date have been made on p-type specicens
in the form of Hali bars. Specimen preparation consists of masking the
s¢ide of the Hall bar contalning the contacts and then removing about
25 um from the other surface by a polishing chemical etch that consists
of a mixture of nitric, hydrofluoric, and acetic acids. This treatment
usually resulis in an SPV signal of a few millivolts which is adequate
for the measurement.
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In p-type silicon where the shallow acceptor concentration is much
greater than the gold concentration the lifetime, 1, in seconds, is ap-
proximately

where % is the capture cross gsection for the positively charged golu
donor ir square meters, v_ is the thermal velocity for electrons in meters
per second, and NA is thg gold conceuntration in atoms per cubic meter.
The values for cap%ure cross sections in gold-dored silicon reported in
the literature are compiled in table 3. For the positive gold donor the
cross sections found by Bemski [20] and by Fairfield and Gokhale [21] are
in better agreement than for the other centers. Lifetimes calculated
using a cross section of 3.1 x 1019 n? and a thermal velocity of 2 x

id” m/s are given in table 4 for comparisen with the lifetime values
comput..” from the measured diffusion lengthts of the gold-doped specimens.
Measuremer.ts on more specimens are needud before definite ~onclusions can
be reached regivding the dependence of lifetime on gold coocentration or
the appropriatensss of the available cross section data.

CARRIER LIFETIME MEASUREMENTS IN GALLIUM ARSENIDE

The feasibility of using the SPV mechod to measure carrier lifetimes
in zallium arsenide was also considered as 3 related task under this con-
tract. Measurements on galliwrn arsenide made by Coodman [13] and by
Bergmann, Fritzsche, and Riccius {26} yielded diffusion lengths predomi-
nately in the range 5 to 20 pym. In gallium azrsemntde, the carrfer lifetiee
is shorter than it is in silicon of the same type with the same diffusion
length. The electrun mobiifity in gallium arsenide is about six times as
large as that in silicon while the hole mobility is a little less than
twice as large. Lifetimes in »m-type gallium arsenide are aboul ten times
larger than those f{n p-type for the same di{ffusion length since the dif-
fusion coefficient for holes is about ten times smaller than that for
electrang. Since the errvor in the SPY measurement is nearly independent
of the magnitude of the carrier diffusien length, it follows that measure-
cents of elentron lifetime {n p-type galliuz arsenide specimens should he
relatively easy to make down to U.35 te i ns while the lower limit in mods-
uresents of hole lifetime in n-type galliuwe arsenide specimeas is likely
te be 5 te 10 ns. Measurements on galliuxn arsenide reguice tllumimation
with 0.8 to 0.9-uc radiation which i{s easily obtained Ly {nstalling the
appropriate grating in the present monochromator. Values of absorption
coefficient as 3 function of wavelength are avaflable in wae literature
126, 27},
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Table 3 - Capturs Crosas Sections for Electrons sad Noles ia n-Type sad p-Type Cold-Doped Silicon

Capture 30K 162 & 77 %

€F.»

stts (@ (z: () @ (e) ) w
n-type
Opoilen?)  ayd S 10716 A a107HT 26010710 2.5<10713 141071 A3s10713 5 €076
ohoilen?) A" 1 10713 6 =101 1.3007"" 721071 alel0”1d 2.3410703
P-type
ceorfen?y  a® 35410005 yra30mt Ap10-1Y p eppm1d
ohpzlend)  aad 2107 1240708 5 23 ()

{a) Beaski [21], from lifetime data. Calculated By the authsr assusing thermal velocities of adout
1410 cw/s.
{d) Fetrfield and Gowhale {I2], froam tapture probadtlitics ub:nned {rom phetoconductivity
stasurcenents. Computed 3stuating a thersmal veloctity of 2+ 107 co/s for doth electrons and holes.
{c) Stnechu and 8zsinskl (23], from enisslon rate dara. (alculated By the authors assuming
E = 0.%45 eV, v_ + 2:10 cals, am: a degereracs factor for the ecld level of untzy. The
VSIue ] 300 K 12 based on the autnors’ extra~alatien of data odeaincy 3t 230 K to fuun iewgeraiufc.
{a) Ta::h and Sah {2a], from cmiaston fate data. Caleularzed by the 3uthors assualag £ -~ L« Q.3.s eV,
E « 0.533 «¥, snd theemal velocitie. of ssout 2¢10° cmis. The degemcrasy fictors vere
legnnnlr azstgned a vajuve of wacew.
(e) Colligan aad via Vitet 23], frum measucgments of generatlean-rezemdlnative notie. Calculsted b
the sutdors But the va.yea wivd for the tactmal velocltles tould nut be entractod.
€€} Davis [Z%], frem lifet:imr Avasursdinis uniag alpna pavticle (rradiatioa. Caleula ¢d dby the autw?
assumlng thermil velozities of 1.):10 em/s for electirons snd ;.0-1Q <m/s for holes.
{g) Bemiky [I1}. Corpited from J0O0 X valees uting iemperature dependence glven.  Ne teoperatore

dependenie vas quoted for 7y, .

Tadle & — Neasuved ead Calculoted Rimsrity Carrler Lifeclacs $a p~Type Colé-Daped Stltcce

Speclaen 3 Date, DigE, of Colé L b t{ns)

Komber (a-ca) r?s (:::.x (G-cm) m::fé-’) () (swile) e cal exlatad
10re10-285 n 830 I T 13.3 ageatt s b 1 n 3
FOTH -4 11 930 1T 342 4303008 2. 3% 1.3 .
0re30-22 0 W 3] .3 1300 .3 » m 134
o0310-2144 b 30 b7 3.3 A el 3.3 13 [3) 32

Mot chicuioted betaves the ¢olid (uatesirsliae aacends the shallaw sczeytee conseatistias.
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DIRECTIONS OF FUTURE WORK

The tasks immediately ahead include completion of resistivity and

Hall effect measurements on the silicon crystals listed in table 1. On
completion of the experiments concerned wirh interstitial gold, gold pre-
cipitation and redistribution, and effects of heat treatment, {t {s ex-
pected that the data analysis can proceed and that considerably greater
understanding concarning the relationship between total and active gold
concentration can be developed. A new series of experiments will be de-
signed to investigate the origin and characteristics of the acceptor state
introduced at high gold concentrations.

Some additional improvements to the surface pnotovoltage system are
scheduled; these are expected to improve the reproduci :lity still further
and lower the limit of measurable diffusion length. Once these are com-
plete, measurement - "tivity will be increased in order to collect the in-
formation necessary to resolve the conflicts in capture cross section data.

Investigation of the relationship between the reverse recovery and
veltage decay methods for measuring carrier lifetime in silicon diodes
has been resumed in order to develop the capabilities necessary to extend
the study of gold-doped silicon to junction structures.
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